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A diagnostic spectrometer has been developed at the Naval Research Laboratory to measure the time
resolved absolute intensity of radiation emitted from targets irradiated by the Nike laser. The
spectrometer consists of a dispersive transmission grating of 2500 lines/mm or 5000 lines/mm and
a detection system consisting of an absolutely calibrated Si photodiode array and a charge coupled
device camera. In this article, this spectrometer was used to study the spatial distribution of soft
x-ray radiation from lowZ elements(primarily carbon that lasted tens of nanoseconds after the
main laser illumination was over. We recorded soft x-ray emission as a function of the target
material and target orientation with respect to the incoming laser beam and the spectrometer line of
sight. While a number of spectral features have been identified in the data, the instrument’s
combined temporal and spatial resolution allowed observation of the plasma expansion from CH
targets for up to~25 ns after the cessation of the main laser pulse. The inferred plasma expansion
velocities are slightly higher than those previously reported.DOI: 10.1063/1.1623619

I. INTRODUCTION (0.1-1.0 keV to explore radiation effects—e.g., nonlocal
thermodynamic equilibrium opacities of hightargets and
Planar solid targets irradiated by high intensity, short duradiation transport—relevant to direct drive inertial confine-
ration laser pulses~10 ns or lesshave been studied since ment fusion”*° The primary instrumental requirements were
the late 1960's.® These early studies found that laser irra- modest spectral and temporal resolution and accurate abso-
diation created a plume of plasma that expanded from th@ite intensity calibration. An optical system that provides a
surface of the target with typical ion velocities on the orderfat focal field at the detection plane was desired mainly to
of 10’ cm/s. They also established the fact that highly ion-allow the use of a variety of standard time-resolving detec-
ized atoms can persist for tens of nanoseconds after the cegys (streak camera, microchannel plate, photodiode arrays
sation of the laser pulse. This “frozen ionization” of the and such Systems also allow for the poss|b|||ty of Spatia]
laser-produced plasma resulted in emission arising manjesolution as used in this article. Transmission gratings and
millimeters from the initial target surface. For these earlyconcave Variable |ine Space gra‘[ings are two Of the most
experiments, near-ultraviolet and visible spectral lines wergommonly used diffraction elements for such spec-
typically chosen for quantitative, time-resolved studies of theygmeterslt—2° They both can be selected to cover the re-
plasma dynamics. Although some observations were made ifyired spectral region with similar spectral resolution at the
the extreme ultraviolet/soft x-ray region, time resolution andgyetector plane §\/5x~ 1.0 A/mm). Although concave vari-
absolute intensity calibration were not typically achieved ingpje Jine space gratings provide a means to collect and focus
this wavelength region. The main point for this article is tohe photons onto the detector, transmission gratings have a
present spatially resolved observations from a transmissiogreater advantage in the fact that they can be used at normal
grating spectrometer during the postpulse plasma. incidence. This arrangement is much simpler to align and
The Nike laser program the Naval Research Laboratorynaintain, particularly in regard to the absolute calibration: a

(NRL) has been interested in measurements of soft X raygrazing incidence system will be more sensitive to the accu-

mulation of contaminants than a normal incidence system. In
dElectronic mail: weaver@this.nrl.navy.mil addition to the choice of a transmission grating, the need for
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Planar tional Laboraton?° The transmission grating calibration
Targetpy Plasma demonstrated that the second order diffraction efficiency was
[,:— - e-- JergetNormal _, ]égr only ~10% that of the first order.
J42° ] ) The CCD camera records a time-integrated spectrum of
Lineof SIght, @ ion the target emission. Because the CCD’s sensitivity to soft
...................... Filter x-ray radiation is fairly low, a phosphor scintillation screen
‘Transmission (gadolinium oxysulfide doped with terbiyrs installed over

Grating the CCD to convert the soft x rays into visible light that is

x

Tstord more efficiently detected by the CCD. A ten element Si pho-
EES“lF:a“CC oraer todiode array is placed just in front of the CCD. Each ele-

Front Meduie ment is 1.014 mm wide and 1.014 mm tall and is separated

from its neighbor by a 0.054 mm wide gap. A tall rectangular
Photodiode Array | entrance sli{60 um wide) allows light to fall simultaneously
""""""" Rear Module on the Si photodiode array and the CCD array. A mask with

apertures has been placed in front of the photodiode array.
; ; . . *fhe apertures are designed to limit the exposed area of each
produced plasma and the line of sight for the transmission grating spectrom-, . .
eter. The front module of the spectrometer contains the entrance slit, trans! Photodiode to a W'dth of 0.818 mm and'to CaSt'a pattern of
mission filter, and transmission grating assembly. The rear module contairshadows on the CCD image that is precisely aligned to the
the aperture mask, the Si photodiode array, and the CCD array. diode positions. Comparison of the location of the shadows
and the location of the recorded spectral features is used to
robust absolute calibrations also led to the choice of a Sfétermine the wavelength range of the radiation absortz)ed by
photodiode array for the primary detection element. each of the Si diodes to within 1-2 pixels or about 12% of

In a series of experiments, emission was observed frorf/€ @perture width. The output of the Si photodiodes is con-
planar targets made of BN, CH, Kapton, Al, W, and Au. nected to a bias circuit that inclusle 1 GHz bandpass 0s-
During the main pulse, the transmission grating spectrometéfill0Scope providing a temporal resolution better than 1 ns.
provided a spatially integrated measurement of the time his- 1 N€ Spectroscopic studies have been made using planar
tory of soft x-ray emission originating in the region of the targets irradiated by three to ten beams of the Nike laser at

laser focus close to the target surface but after the laser puIs@',R'--20 The transmission grating spectrometer was installed
a late time peak in the emission was observed for the CHP" @ Port that had an angle of 42° from the target normal and
targets from regions far from the initial target surface. UnlikeN® SPectrometer’s entrance slit rested primarily in the hori-
earlier investigation;® this article presents an absolutely Z0Ntal plane. The laser pulse had-a4 ns duration and
calibrated observation of the postpulse plasma expansiof€lded energies between 20 and 40 J per beam. The full
with simultaneous spatial, temporal, and spectral resolution¥idth half maximum(FWHM) of the focal spot on target

A brief description of the transmission grating spectrometef@nged from 750 to 1502m. The prepulse intensities during
and the experimental procedures is given in Sec. II. In Se@Ur observations were typically less than 2% of the main

Ill, the optical properties of the spectrometer are discussed?!!S€ intensity. The peak laser irradiance on target ranged

1 3 —2
Section IV presents the time resolved spectra from the varilfom 3X 10" to 2x 10 Wem 2,

ous materials used for planar targets. Section V discusses the
expanding CH plasma.

FIG. 1. Schematic of experimental setup shows relationship between las

lll. OPTICAL PROPERTIES OF TRANSMISSION
GRATING SPECTROMETER

Il. EXPERIMENTAL PROCEDURE .
The spectrometer essentially operates as a one-

The spectrometer is comprised of two distinct modulesdimensional pinhole camera with moderate spatial resolution
coaligned along the line of sight, Fig. 1. The front modulein the direction perpendicular to the entrance slit and poor
consists of a rectangular entrance 8it060 mnx7.62 mm spatial resolution in the direction parallel to the entrance slit.
followed by a transmission filteffree-standing 2600 A Ti or The spectrometer collects radiation over a rectangular slice
1600 A Al foil) and a gold transmission grating with either through the target region with a narrow width in the direction
2500 lines/mm or 5000 lines/mm. The entrance slit is ori-perpendicular to the slit and an elongated height in the direc-
ented such that its long dimension is parallel to the gratingion parallel to the slit. For the given positions of the target,
bars. The slit and filter were placed in front of the grating toentrance slit, and Si photodiode array, the height of a photo-
shield it from possible damage by radiation and debris origi-diode’s collection region can be estimated. In the experi-
nating at the target. The rear module houses the spectrometeent, the source-slit distance was approximately 1.21 m, the
detection system: a set of Si photodiodes and a chargglit-detector distance was approximately 0.69 m, and the en-
coupled devicéCCD) array. The transmission of the filters, trance slit had a height of 7.62 mm. The 1.014 mm height of
the responsivity of the Si photodiodes, and the diffractionthe diodes translates to a 15.1 mm long region near the tar-
efficiency of the first four orders of the diffraction grating get. The narrow dimension of the collection region can be
have been measured as a function of incident wavelength astimated from the-0.82 mm width of the diode mask, the
the National Synchrotron Light Source at Brookhaven Na-source-slit distance, and the slit-detector distance
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The separation between the collection regions of adjacent 1-0005
diodes is calculated the same wayith 1.07 mm in place of = F
0.82 mm and has a value of 1.88 mm. In most experiments, Eo 0.100 E,
due largely to the 42° viewing angle of the spectrometer, the “? F

collection region will not be aligned either parallel or per- 0.010% l | il
pendicular to the target normal. The elongated axis of the l | | I\
collection region will have a projection parallel to the normal 0.001} Co S
as well as perpendicular to the target normal. The estimate of : '0 (T 0 10 '0 ‘0

spatial resolution requires a further division by 8iar cosé
for the distance parallel or perpendicular to the target norma _ o .

ivel P Perp 9 |FIG. 2. Sample time histories of the recorded voltages from the Si photo-
respectively. diode array are shown for a Au foil target illuminated with a laser power

A complicating factor to this description is the presencedensity of 1.6¢10'3 W cm 2. The abscissa is time with the long dashed
of the transmission grating close to the entrance slit. Radiavertical line indicatingt=0 for each diode. The center wavelength of each
tion that enters the spectrometer’s slit is dispersed by th iode is noted at the top of the graph. For comparison, the time history of

. . . the laser pulse is included after the longest wavelength diode.
parallel bars of the transmission grating according to the P 9 9

Time (ns)

equation
o . pected instrumental widttFWHM) of a transmission grating
mA =d(sing-+sin6;), @ spectrometer can be estimated from a simple formula
where\ is the radiation wavelengthl is the grating period,
: : . ) . . . d(S+Ws) dWg
mis the diffraction orderg is the diffraction angle, ané is AN~ R 5 (4

the angle of incidence of the emission on the grating. Note
that both angles are small in these experimdigss than whereSis the diameter of the sourcB,is the distance from
0.5°). This diffraction occurs in the direction perpendicular the source to the entrance s, is the distance from the

to the bars of the transmission grating, which, in this article entrance slit to the detectdd, is the width of the entrance
have been aligned parallel to the long dimension of the enslit, andd is the distance between the bars of the transmis-
trance slit. The pattern created by the grating consists of agion grating. In our experiments, the source-grating and
undispersed image of the emission region corresponding tgrating-detector distances weRe=1.21 m andD =0.69 m,

the m=0 (zero ordey solution of Eq.(1) and multiple im-  and the entrance slit width was 0.060 mm. The instrumental
ages to either side that correspond to the various higher difesolution at the CCD and Si diodes in the case of the 2500
fraction orders(integer values wheren#0) of the wave- lines/mm (4000 A/period was ~3.03 A when the nominal
length dependent emission. From EB), at a fixed value of |aser spot diameter we8=750um. For the same arrange-
wavelength, we can see that any increase or decrease in theent, the plate factor indicates that each digmasked by a
angle of incidence will correspond to an equal and opposit®.818 mm wide apertuyeovered a spectral range 6.7 A
change in the diffraction angle. When the emission regiorwith the gaps between Si photodiodes corresponding to 0.9
moves along the dispersion directidie., the spatially re- A. Although each diode collects light over a wavelength
solving direction perpendicular to the long dimension of therange slightly larger than the instrumental width of the spec-
entrance sljt zero order and all other spectral features movetrometer, the separation between diodes could permit a slight
in the opposite direction in the detection plane. For the workoverlap of emission at a single wavelength.

described in this article, the diffraction angle is sufficiently

small that the value of sif can be accurately approximated

by 6. The plate factor §x/5x) at near-normal incidence V- TIME RESOLVED SPECTRA FROM PLANAR

(6,~90°) is then expressed as a simple constant for eachARGETS

diffraction order(m): In our experiments we used three types of targets made

S d of low Z, moderateZ, and highZ elementswhereZ is the
X - mbD’ ©) atomic number of the elementThe targets in the lowZ
category were made of CH, BN, and Kapton while as a rep-

wherex is the distance along the direction of the dispersionresentative for the modera targets we used Al. When
at the surface of the CCD aridl is the distance between the using targets made from the lo& elements only the 4
grating and the detector. Consequently, the separation dis-2¢ (for £>1) type transitions appear in the spectrometer’s
tance between the zero order and the higher order spectrgpectral range. In the case of CH targets it implies that only
features at the detection plane remains unchanged as tliaes of C V and C VI and their free bound continuum ap-
emission position moves over small distances near the targgiear. For highz targets we used solid Au and W foils.

Due to the interrelated effects of spatial motion and A High Zt N
spectral dispersion, interpretation of the spectrometer data in’ '9 argets
Sec. IV will have to consider the spectral resolution provided  Figure 2 shows the time history of the photodiode sig-
by the grating. For a fixed geometrical arrangement, the exnals for a planar Au target that was irradiated with three Nike
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FIG. 4. A comparison of the late-time signals from Figa)Jor the first and
sixth diodes(a), second and seventh diodgs, and third and eighth diodes
(c) shows that the peak emission in each pair occurs at nearly the same time.

t}lA 1.000 The signals from the sixth, seventh, and eighth diodes are plotted as dashed
g 10.0 — lines. The wavelengths at the center of each of these diodes were shown in
° > Fig. 3(a).
E 1 0.100 %
= 1.0 &
3 S : o .
g ‘3 0.010 = Plots of the long lasting CH emission in the first and
‘-§ 0.1 sixth channels are plotted in Fig(a}, the second and sev-
E i . 0.001 enth in Fig. 4b), and the third and eighth in Fig.(@. In
-5 0 5 10 15 20 25 30 each plot, the pairs are similar with the exception that the

Time (ns) intensities from the three longer wavelength channels

FIG. 3. Sample time histories from the Si photodiode array are shown ifdashed lingsare lower by about a factor of 1.5 and are
part (a) for a CH target illuminated with a laser power density of 2.2 slightly earlier in time than the shorter wavelength channels
X 10'* W cm 2. Part(b) shows a comparison of the laser pulse shape and(sqlid lineg. The fact that the radiation is detected at photo-
the first three photodiode signals from péay. . .

diodes that are centered on progressively longer wavelengths

. o2 72 ) is a property of the transmission grating spectrometer design
beams(laser power density of-5X10"Wem™). In Fig. 54 g position relative to the plasma. Earlier studies have

2, the recorded flux from the photodiodes is compared to th(ghown that laser produced plasmas from planar targets tend

;g;ﬁﬁ'ﬁziﬂ tlﬂéeg?:ghoqmeelri?:sriopnuIf?;nstu?ewpr\]u I'r[]artgr]]:t Ifils_tto expand primarily along normal to the target surface with
. little influence from the direction of the incoming laser

lows the laser time history to within the resolution of the Si 01 - :
photodiodeg~1 n9. An identical result is obtained when W beam.” The results presented in Figs. 2—-4 were obtained

targets rather than Au targets are used. This result confirms'¥th the normal to the target surface aligned to the laser
well-known fact for Nike illuminated targets: the ionization b&am and the spectrometer line of sight filted relative to
and recombination processes for highelements are very them by~42° As indicated in Fig. 1, the laser beam and the
rapid. The highZ targets demonstrate the subnanosecondi photodiode array are located on opposite sides of the line
time resolution of the transmission grating spectrometer.  of sight. The modest imaging capabilities of the transmission
grating spectrometer transfers the expansion of the plasma
B. Low Z targets towards the laser beam along the target normal as a shift of
emission towards longer wavelengths at the detector plane.
1. CH targets To demonstrate that the late time radiation resulted from
Figure 3a) shows the photodiode signals for a planaran expanding plasma source, we rotated the normal to the
CH target that was irradiated with ten Nike beaft&ser target so it coincided with the spectrometer line of sight and
power density of~2x10"*Wcm™?). The largest signal is moved the Si photodiode over to observe both sides of zero
obtained for the diode aligned to the LymariLya) line of  ,rger Since the plasma should expand symmetrically around
hydrogen-like carbon at 33.7 e., the diode centered 32.5 target normal, the diodes should record late time emis-

'8.‘ in Fig. 3(a)]. U_nI|I_<e the Au data in Fig. 2’. a second late- sion on both sides of zero order. Figur@bshows the result
time peak of emission is apparent on the first three and last

three photodiodes. Figurdts emphases this effect by com- Obtained for a CH target illuminated by three beams. The

paring the signal recorded by the first three diodes with theunSh'fted zero order, which was aligned to appear on the Si

measured laser pulse shape for the same shot. Results froqandiOde array at a.locat.ion correspopding to, th‘? gap 'F’e'
CH targets illuminated by three beams are similar to thosdween the fourth and fifth diodes, was slightly misaligned in

obtained from ten beams with the exception that the recordetfi€ direction of first order. Nevertheless, the late time emis-
intensities scale approximately with the laser irradiance or$ion appeared quite symmetrically relative to the zero order.

target. Radiation from targets made from several otherdow Finally, to verify further that the observed radiation sym-
elements Z<8, i.e., BN and Kaptop resembles to a large metrically distributed on both sides of the zero order is due

extent the results from CH targets. Thus, in the following weto a spatial shift and not to a spectral shift, we realigned the
will only mention them in passing. normal to the target to the incoming laser beam, shifted the
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a) 2. Kapton and BN targets

Experiments with Kapton and BN targets were con-
ducted to verify that the late time signal was typical of the
low Z targets. Kapton is a plastic material composed of 56%
C, 26% H, 5% N, and 13% O by abundance. Because C
atoms dominate, the late emission spectra from Kapton
looked similar to the CH spectra. The results from the BN
targets were not as clear. The B V dydoublet appeared at
] 48.6 A and the N VII Lyr doublet appeared at 24.8 A. The
BN spectra were attenuated either by a 2600-A-thick Ti filter
0.10 ] or a 1600-A-thick Al filter. While the Ti filter, which has an

3 absorption edge at27 A, attenuated the intensity of the

24.8 A N VII Ly« by about a factor of 5 the Al filter attenu-
ated it only slightly. In the case of the B V y(48.6 A) line
the Al filter attenuated the intensity at somewhat larger de-
gree than the Ti filter. The late radiation in channels closest
to zero order and in the channels at wavelengths longer than
N VII Ly « line was significantly smaller when attenuated by
the Ti filter rather than the Al filter. This result indicated that
the late-time radiation was predominately from the N VII
Ly« line. An inspection of the output of the last photodiode
showed some late emission that can be attributed to the B V
emission but it seemed to be rather small. For both Kapton
and BN we believe that we observed similar late-time emis-
sion, but that the increased complexity of the spectra and the
particular wavelengths relative to the filters used in the spec-
trometer made the late time emission less clear than the CH
case.

-+ 0Oth Order

10.00

9.4 A| w+1st Order

32A

_9'2 A 4 -ISt Order
-3.0A
156 A

216 A

-154A

2184,

1.00

Vdiode (V)

0.01 3

=2
-’

1.000

0.100

0.010

Vdiode (V)

0.001

0 0 0 0 0 0 0 O C. Moderate Z target
Time (ns) _
We used an Al target as a representative of the moderate
FIG. 5. Part(a) shows the diode time histories for emission from a CH Z elements. The Al XIll Lyr doublet appears at 7.2 A pro-

target with the spectrometer aligned such that the undispersed light tranﬂucing a signature that almost blends with the zero order
mitted by the gratingzero ordey fell approximately on the middle of the Si '

photodiode array and the target normal is aligned along the spectrometél;hus' if late .emlssm.n from.the Al target material is prgsent it
line of sight. The late time signal is seen to be approximately symmetric invould be brightest in the first two channels. A close inspec-

wavelength. Partb) shows the observation near zero order when a 5000tion of the signals from the Al target showed only a small
I/mm grating was used in the spectrometer. For each diode in bottgart indication of the late emission. This result may be due to the
and (b), a 45 ns long segment of the diode signal is shown. ) .
fact that only a small amount of the Al atoms in the target
reach the hydrogenic stage, and/or a slower expansion rate

diodes so they detected radiation on one side of the zerféJr the Al plasma.

order and replaced the 2500 1/mm grating with a 5000 I/m
grating. If the distribution pattern of the long lasting radia?{Ff'R%%AL‘EAI‘ECDTEEL\SSTl\ﬁSS IQESI\HAECiXFT ,l\\ll\l:l) Al\NRG LASER-

tion seen on the first three photodiodes on Fi@) Svas due  TARGETS IRRADIATED BY THE NIKE LASER
to wavelength dispersion we would expect that the doubling . o
the dispersion of the spectrometer would cause the radiation _| "€ late-time emission from CH targets has been shown

to be spread over a larger number of photodiodes in accol” Sec. IV to expand symmetrically around the target axis

. . R and from the target surface outward towards the laser beam.
dance with Eq(2). In contrast if the distribution pattern Wa.s With this interpretation, the lack of secondary pulses in the

. i : i Yourth and fifth diodes in Fig. @) (with the target normal
should cause no change. Figur@)sillustrates the intensity was aligned parallel to the laser beaimplies that the late

pattern obtained with the 5000 I/mm grating. The fact that ityy,e emission is limited in spatial extent with a zero order
resembles the pattern for the diodes near zero order seen jijage followed by the diffracted first order image occurring
Fig. 4 confirms that the shift is indeed due to the sourcgp the sixth, seventh, and eighth diodes. The fifth diode in
motion and not to wavelength dispersion. We conclude thaghis case recorded light from the C VI kytransition while

the two patterns of emission, the one that is adjacent to thghe plasma was restricted to a region near the target surface,
zero order and to the one adjacent to the position of the C V&o we are compelled to hypothesize that the late time emis-
Lya line, are the same phenomena seen in two different orsion at the adjacent longer wavelength diodes is from the
ders. same transition as the plasma expands outward.
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a) target normal aligned along the laser. The empty symbols are
10 peaks observed in the longer wavelength diodes and the
A filled symbols are from the diodes close to zero order. The
absolute calibration of the spectrometer’s components has
been used to estimate the absolute intensity of the emission
for each diode with the assumption that the zero order and
first order image is dominated by C VI byemission. Al-
though the values show some scatterobably due to the
small variations in laser irradiance among the shake two
sets of data appear to describe a single curve. A curve fit has
] been performed to the combined data using a simple func-
tional form

510 15 20 25 30 (=14t 5, ®)

Time (ns) wheret is the time at which the peak is observed for a given
b) diode. The solid line in Fig. @ represents the results from
' ] the fit which yieldedl ,=1.7x 10" Wster * and 8=3.1. A
1 t~3 time dependence is exactly the one expected if the
] plasma densityp, of a moving source was monitored as it
- experienced free expansion @@) =R~ 3(t)~ (vt) 3, where
v is the expansion velocity.

From the studies of the peaks and the target alignment
(see Sec. IY, we can also investigate the position of the
peaks as a function of time. The position of the peaks has
been estimated with reference to emission during the main
laser pulse. For the zero order image, the laser spot position

! is the estimated initial position of the plasma. For the diodes

10 15 20 25 30 from the first order image, the assumption that the peak

Time (ns) emission arises from C VI implies that we can use the posi-
tion of C VI radiation during the pulse as the spatial origin.

FIG. 6. A guantitative examination of the late time emission peaks is pre : ; ; _
sented. Parta) plots the time history of the intensities of the peaks for dataFrom the separation of theth diode center from its refer

taken with a 2600 A Ti filter and the target normal aligned to the laser beanfan(?e diode X~1.07 mm/diode of separatignthe magnifi-
direction. The filled circles represent data from the zero ofsleort wave-  cation of the spectrometer’s geometry0.57 from Sec. llJ,
length diodes and the empty circles represent data from the first ordegnd the angle between the target normal and the spectrom-

(longer wavelengthdiodes. The solid line is a curve fit that yielded a time e i ; " : ) ;
dependence df<t 3% Part(b) shows the time history of the position of the eter's line of sight(6), the position of the diode’s collection

peaks from the various diodes. The solid and empty circles have the san{(,egionv ¢, distance from the laser spoX{0 mm) can be

meaning as irfa). The triangles are from experiments with the target normal calculated:
along the laser beam, but with a 1600 A Al filter. The filled and empty

triangles are from the zero and first order images, respectively. The data _ nx
represented by filled squares are the peaks observed when the target normal 0.57 sif§=42°)

(6)
was aligned along the spectrometer line of sight. For this data the 2600 A Ti
filter was used and only zero order diode data was available. The plotted/ith the target normal along the laser beam. When the target

lines represent linear fits to the collected data for each of the two targenormal is along the spectrometer’s line of sight, the ésin
alignments. correction is not needed. In the former case, the estimated
position is the distance from the target surface along the
We can study the amplitude and timing of the post lasefhormal and, in the latter case, the position is the radial dis-
pulse peaks in the diode signals. From inspection of Figtance from the laser spot. Note that the estimated positions
3(b), it can be seen that the intensity of each diode is alwaysill be in the range of 1-10 mm given the relatively large
lower throughout time than its neighbor at shorter wave-sjze of the diodes compared to the laser focal $p@50 um
length, i.e., closer to the target. The expanding emission aptiameter spot for these experimentshe error in the peak
pears to have a continuous gradient outward from the targeposition is given by the spatial resolution estimated in Sec.
If the plasma conditions are such that the emission decay$ with the additional 1/sirg correction as in Eq(6) for the
slowly during the expansion, then the late-time peaks argosition along the target normal.
expected as the collection region of a particular diode is  Figure §b) shows the estimated position of each peak
filled by the plasma. After the collection region is filled due versus the time at which the diode recorded the peak emis-
to expansion, then the signal would monotonically decay, asion. As in Fig. 6a), the open data symbols correspond to the
observed. The peaks represent the spatial and temporal av@ing wavelength diodes and the closed symbols represent
age of the emission from the propagating “front” of the ex- data from diodes close to zero order. The circles and tri-
panding plasma. angles represent data taken with the target normal aligned to
Figure Ga) plots the peak intensities against the timethe laser beanti.e., the estimated expansion parallel to the
that they occurred from a series of three beam shots with th@_rget normal and the squares represent data with the target
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normal aligned along the spectrometer’s line of si§t#.,  case.® From the orders of magnitudes listed earlier, the cri-
estimated expansion perpendicular to the target ngrmalterion is not met, so radiative recombination will dominate in
Data taken with the 2600 A Ti filter installed is representedour region of interest. The absolutely calibrated intensity
by the circles and squares and the triangles represent data0®— 10" W/ster) and the estimated collection voluel0
taken with the 1600 A Al filter installed. mm ™) can be used to estimate the rate of photon emission in
The data points in Fig. (6) clearly demonstrate two Lyman- line of hydrogen-like carbon as being on the order
separate groupings: one for the perpendicular expansion ard 10'° photons cm® ns™ !, assuming isotropic emission into
one for the parallel expansion of the plasma. There is limitedl. Because a large fraction of the ions are fully ionized at
data available for the perpendicular case due to the fact thalhe end of the laser pulgee., the ion density is on the order
the diodes were only aligned to zero order for that targebf 10'° cm 2 ~0.1% solid density fox>1 mm), the ob-
orientation. For the parallel expansion, the zero order and theerved radiative recombination involves a relatively small
first order images show fairly consistent results. The datdraction of the total number of ions in the plasma. Hence, the
with the Ti filter (the empty and filled circlesmay show a observed intensity decay should be strongly influenced by
slight difference at the late times, but the Al filter déthe = the volume expansion at the beginning of the postpulse evo-
empty and filled trianglesdo not show such a difference. lution. The subsequent evolution of the recombination rates,
For the zero order Ti datéhe filled circles there is a sig- however, depends critically on the time evolution of the elec-
nificant spread of times near the 9 mm positions compared toron temperature. A theoretical argument with some experi-
the estimated error in the fits used to obtain the time of eacmental corroboration has been advanced for a model assum-
peak. More data would also be needed to determine if thering the adiabatic expansion of an ideal gahis model
is a significant difference between the first order and zergredicts the temporal evolution of the electron temperature
order observations at large distance. The slight delay noted ias T,<t 2. This slower decay of the electron temperature
Fig. 3(b) can now be seen to result from the fact that thewould help maintain the low radiative recombination rate
collection region for the zero order image was centered at abserved in this article, but, for an accurate quantitative
position slightly further from the laser spot than the collec-treatment of the postpulse expansion, the details of electron
tion region for the first order image. and ion heating by radiation transfer and three body recom-
The distinction between the two expansion directionsbination needs to be considered.
can be further quantified as indicated by the linear fits in-  In comparison to the early articfe? this work has mea-
cluded in Fig. 6b). The fits demonstrate that the parallel sured slightly higher expansion velocities5x 10’ cm/s
expansion occurs at a velocity of 4.7 (—0.1)x10" cm/s  than were seen in some of the earlier spectroscopic studies
and the perpendicular expansion occurs at a velocity ofvhere values %10’ cm/s were seen at lower laser powers
2.3 (+/—0.1)x10" cm/s. The expansion is clearly not (typical on the order bl J in ~10 ns then as compared to
spherical for the region of observation, but indicates a totak100 J in 4 ns now More recently?>?* researchers have
cone anglab~2 arctan(2.3/4.7»52°. The large ratio of the conducted studies at similar laser powers but employed
two velocities implies that a complete description of the ex-charged particle analyzers rather than spectroscopic instru-
pansion is not as simple as a spherical expansion from ments. While these experiments determined velocities in the
point source, despite the apparently large distance ovesame range as for this work, a notable distinction is that
which the plasma has expanded20x the laser spot size  these particle measurements were made at a much larger dis-
The existence of long lasting emission from Nike targetstance from the target and were capable of extracting infor-
implies that recombination of the plasma ions occurs slowlymation on all of the ion charge states.
compared to the volume expansion of the plasma. Atomic
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